Background: Effective therapeutic strategies to preserve function and delay progression in multiple sclerosis (MS) require early recognition of individual disease trajectories. Objectives: To determine the profiles of disability evolution, identify their early predictors and develop a risk score of increasing disability. Methods: We analysed demographic, clinical and magnetic resonance imaging (MRI) data from patients with relapsing MS, Expanded Disability Status Scale (EDSS) score of 3.0-4.0 and follow-up ≥ 2 years. Attaining EDSS = 6.0 defined increasing disability; relapses and/or MRI defined disease activity. Results: In total, 344 out of 542 (63.5%) patients reached EDSS ≥ 6.0; of these, 220 (64.0%) showed disease activity. In patients with activity, the number of relapses before reaching EDSS 3.0-4.0 predicted increasing disability; age > 45 at baseline predicted increasing disability without activity. Combining age and number of relapses increased the risk of and shortened the time to EDSS = 6.0. Conclusion: Increasing disability is frequently associated with persistent activity. The high number of relapses identifies early those patients worsening in the presence of activity. Age predicts increasing disability in the absence of activity. The presence of both factors increases the risk of developing severe disability. As this study likely describes the transition to progression, our findings contribute to improving patient management and stratification in trials on progressive MS.
Introduction
Challenges in the management of multiple sclerosis (MS) progression stem from uncertainty over its diagnosis and the main pathological substrate, both of which remain unknown in the individual case. This makes early identification of disease trajectories difficult and the therapeutic targets unclear, resulting in unguided and largely ineffective treatment decisions.
Given the challenge in recognising the progressive course at inception, the diagnosis of progression is retrospective. 1 However, the early phase of the disease can already suggest the risk of subsequent progression. 2, 3 Pharmacological studies suggest that, while on treatment, the accumulation of disability, which, when confirmed and progressive, represents also the clinical measure of progression, is influenced by the pretreatment characteristics of MS. 4, 5 The revised classification of MS phenotypes has underlined the importance of inflammation as a pathological substrate throughout the disease evolution and across disease subtypes. 1 In line with this classification, evidence from clinical trials confirms that inflammation is a major pathological substrate in the progressive phase of MS. 6 Its role is so significant in determining and supporting progression that inflammation is both a predictor of increasing disability 4 and a therapeutic target in progressive MS. 7 Closely related to inflammation is neurodegeneration, which is recognised as a major pathological hallmark of MS progression 8 and a target of treatments. 9 The relationship between neurodegeneration and inflammation in MS remains elusive. While neuropathology suggests that neurodegeneration results from inflammation, it also indicates that local anatomical factors, such as cortical folding and brain vasculature, determined by the individual brain structure 8 and influenced by aging, 10, 11 can play a role.
In this study, we aim to (1) quantify the proportion of patients belonging to the disease courses defined in the revised classification of MS phenotypes, 1 (2) identify early predictors of such courses to recognise early the disease trajectory at an individual level and, among patients with increasing disability, (3) define a risk score of such increase, based on initial individual characteristics. Firstly, we identify the patterns of disability changes from moderate to severe. Secondly, we investigate predictors of different profiles of increasing disability to identify early the main contributors to disease evolution in individual patients. Finally, we combine these predictors into a score that stratifies the risk of disability evolution and aids an early recognition of the individual disease trajectory, with implications for both clinical and research practice.
Materials and methods

Patients
We retrospectively studied patients attending three Italian MS Centres (Sant'Andrea Hospital, Sapienza University of Rome; Ospedali Riuniti, Marche Polytechnic University of Ancones; San Giovanni Battista Hospital, University of Turin).
Eligibility criteria included a diagnosis of MS 12 with relapsing onset, 1 a baseline Expanded Disability Status Scale (EDSS) score between 3.0 and 4.0 and a minimum time of observation subsequent to the attainment of EDSS 3.0-4.0 equal to 2 years. The starting EDSS of 3.0-4.0 was chosen to select a cohort likely to experience disability changes over the observation period as a result of disease progression. 13 The duration of the follow-up was chosen in agreement with previous studies on progressive MS 14, 15 and in order to be able to confirm increasing disability with at least two EDSS assessments performed 1 year apart. 1 Patients taking disease-modifying therapies (DMTs) were included, as these data were collected as part of the routine clinical monitoring and, for ethical reasons, we could not withhold treatment in eligible patients.
During the study, patients were followed up with clinical assessments, which included EDSS scoring, recording of the number of relapses and magnetic resonance imaging (MRI) monitoring.
The local ethics committees approved the study. Participants provided informed consent. The study was conducted according to the Declaration of Helsinki.
Study design and measurements
Data collection started in October 1997 and ended in December 2015. At database lock (December 2015), the combined dataset of screened patients across Centres included 2872 patients. Of these, we extracted those with the above-mentioned eligibility criteria. Patients were followed up from EDSS 3.0-4.0 (baseline) until they reached an EDSS of 6.0 or until the end of the observation period. The following data were collected at baseline: age, sex, type of MS onset (mono-or multifocal), the interval between the first (clinically isolated syndrome) and the second episode (first relapse), the time to the attainment of EDSS 3.0-4.0, the number of relapses before reaching EDSS 3.0-4.0 and the exposure to DMTs before reaching an EDSS of 3.0-4.0. Licensed DMTs, including interferon beta, glatiramer acetate, fingolimod and natalizumab, as well as off-label treatments (e.g. including mitoxantrone, azathioprine, cyclophosphamide), were all allowed. We also calculated the number of patients with gadolinium (Gd)-enhancing lesions in the brain and/or in the spinal cord MRI scans. All the patients had a pre-and post-contrast MRI scan performed within 6 months of baseline assessment (EDSS 3.0-4.0).
During the follow-up period, we quantified the time (number of years) necessary to reach an EDSS≥ 6.0, confirmed in two subsequent neurological examinations performed 1 year apart. MS specialists, routinely involved in clinical trials, quantified the EDSS scores.
We also calculated the number of relapses and the number of patients with Gd-enhancing lesions in the brain and/or in the spinal cord from MRI scans performed yearly until the attainment of an EDSS ≥ 6.0 or until the end of the observation. These scans were sampled from the routine pre-and post-contrast MRI scans that were planned according to the patient's treatment and ranged from one MRI every 6 months to one MRI every 4 months. We based our measure of MRI activity on the presence/absence of activity and thus on the number of 'active' or 'inactive' patients, which is a robust measure when dealing with clinical scans. We considered the number of relapses, rather than the relapse severity or the contribution of single relapses to the outcome, given that the majority of patients were likely to be on DMTs and DMTs may change the relapse severity and outcome. 13 Patients were assessed clinically, if a relapse was suspected. Disease activity was defined as the occurrence of relapses and/or Gd-enhancing lesions on the MRI scan. These measures, along with demographics and other clinical data, were used to predict the attainment of the outcome measure.
Outcome measure
Our outcome measure was the change in EDSS score from 3.0-4.0 to 6.0 or more during the observation period. EDSS ≥ 6.0 is considered as a landmark of irreversible disability. 16 This EDSS change was chosen as an objective, robust, clinically meaningful evolution of disability, which is likely to include the shift from the relapsing to the progressive phase and thus to reflect disease progression within the disability range used here. 13, 16 Statistical analysis Demographic and clinical data were described as mean ± standard deviation (SD) or median (range) and count (proportion), as appropriate. Before entering further statistical analysis, baseline data were checked for outliers and outlying subjects were excluded.
Firstly, we estimated the number of patients who reached the disability outcome according to whether they had disease activity or not. The Fischer's exact test was performed to test whether disease activity could affect the proportion of patients reaching the disability outcome. Secondly, the log-rank test was performed to explore whether there was any difference in the time to reach the disability outcome between patients with and without disease activity. Thirdly, after estimating the proportions of patients with increasing disability experiencing (group D) or not (group C) disease activity, and without increasing disability experiencing (group B) or not (group A) disease activity, we tested for differences between the groups using the Chi-square test (categorical variables) or one-way analysis of the variance (ANOVA; continuous variables), with Bonferroni post hoc test comparisons. Fourthly, potential predictors for the risk of attaining the disability outcome were investigated by performing Cox proportional hazard models (stratified by site) in the whole sample and separately in patients with and without disease activity. Age, sex, time to the first relapse, time to reach EDSS of 3.0-4.0 (i.e. disease duration), number of relapses before reaching EDSS of 3.0-4.0, mono-or multifocal onset, presence of Gd enhancement at baseline (i.e. at the time of EDSS 3.0-4.0) and the presence of DMTs entered the Cox models as independent variables. Continuous variables at baseline (age at EDSS of 3.0-4.0, time to first relapse, time to reach EDSS 3.0-4.0, number of relapses prior to reaching an EDSS of 3.0-4.0) were categorised into tertiles. The follow-up period was calculated as the time elapsed from EDSS 3.0-4.0 to the attainment of EDSS 6.0. Whenever the outcome of EDSS ≥ 6 had not been reached, the last available EDSS assessment was considered. Finally, we modelled a composite risk score for experiencing a confirmed increase in disability based on the results of the Cox proportional hazard models derived from the two different patient groups (with and without disease activity). For each patient, this composite score was estimated by summing up the number of existing risk factors in that subject. A further Cox regression model was then run to explore whether the composite risk score could be suitable to discriminate patients with different risk of disability outcome. p values less than 0.05 (twosided) were considered as significant.
Data were analysed using SPSS 16.0 software (IBM SPSS, Chicago, IL, USA).
Results
Baseline characteristics
Out of 615 MS patients who fulfilled the eligibility criteria, 542 patients survived the outlier detection and thus entered the analysis (300 (55%) from Rome, 138 (26%) from Ancones and 104 (19%) from Turin). Table 1 reports the baseline demographic, clinical and MRI characteristics of the patients, all of whom were on DMTs.
Increasing disability during the follow-up
During the follow-up, 344 (63%) patients reached an EDSS ≥ 6.0, while 198 (37%) patients did not (Figure 1) . Within each group, the proportion of patients with disease activity was not significantly different from that of patients without disease activity (p = 0.14, Fischer's exact test; Figure 1 ). Within the group with increasing disability, the mean ± SD values of the number of years necessary to reach an EDSS ≥ 6.0 from an EDSS of 3.0-4.0 were 6.4 ± 2.8 in the group of patients with disease activity and 6.4 ± 3.3 in the group without disease activity (p = 0.24, log-rank test). The presence of DMTs overall did not affect the attainment of EDSS 6.0, although high-efficacy treatments at the time of EDSS 3.0-4.0 were subsequently associated with a significantly lower proportion of patients experiencing increasing disability during the study (Table 2 ).
There was a significant difference in age, time to reach EDSS 3.0-4.0, number of relapses before reaching EDSS 3.0-4.0 and the presence of Gd enhancement at study entry among the four groups of patients (all p values < 0.001; Table 3 ). Post hoc analysis indicated that (1) patients in group C (worsening without disease activity) were older and took longer to reach EDSS 3.0-4.0 than those in groups A, B and D (p < 0.05); (2) patients in group D (worsening with disease activity) had a higher number of relapses before reaching EDSS 3.0-4.0 than those in group A (no worsening and no disease activity; p < 0.05); (3) patients in groups B and D (with disease activity) were more likely to have Gd-enhancing lesions at study entry than those in groups A and C (without disease activity; p < 0.05).
Predictors of increasing disability
Cox regression analysis indicated that, in the whole cohort, the risk of reaching the disability outcome was higher in patients older than 45 years (hazard ratio (HR) =1.31, p = 0.04) and in those who experienced more than six relapses before reaching an EDSS of 3.0-4.0 (HR = 1.32, p = 0.03; Table 4 ). Consistently, when dividing the whole cohort into groups on the basis of the presence or absence of disease activity, we found that, in the group of patients with disease activity, experiencing more than six relapses before reaching an EDSS of 3.0-4.0 (HR = 1.53, p = 0.009) was the only predictor of the subsequent confirmed increase in disability (Table 4) ; in the group of patients without disease activity, increasing disability was predicted only by an age older than 45 (HR=1.65, p=0.04). The Cox regression model provided similar results even after entering MS-specific treatment at study entry as a factor in the analysis. 
Risk score of increasing disability
From the Cox regression models, we derived a composite risk score of confirmed increase in disability that included age and number of relapses as significant predictors of clinical evolution. The score was defined as follows:
1. Score = 0, if the patient was ≤45 years and experienced ≤6 relapses before reaching an EDSS of 3.0-4.0; 2. Score = 1, if the patient was >45 years or, alternatively, experienced >6 relapses before reaching an EDSS of 3.0-4.0; 3. Score = 2, if the patient was >45 years and experienced >6 relapses before reaching an EDSS of 3.0-4.0.
In our cohort, 259 (48%) patients had a score of 0, 226 (41.7%) had a score of 1 and 57 (10%) had a score of 2. An increase in the risk score led to an increased probability of reaching the disability outcome (p = 0.001 by the test for trend). Indeed, the probability of reaching the disability outcome was 56% for patients with a score of 0, 68% for patients with a score of 1 (HR = 1.52, p = 0.001) and 75% for patients with a score of 2 (HR = 2.22, p < 0.001; Figure 2 ).
Discussion
In this study, we focused on the clinical outcome of patients with relapsing-onset MS and moderate levels of disability to predict the individual clinical trajectories and identify the main factors driving disability evolution in the single case. We also offer an application of the revised MS phenotypes 1 in a contemporary, real-world cohort of MS patients, the majority of whom were on DMTs, given the ethical constraint of offering treatment to eligible patients in clinical practice. This is relevant to inform future trials on progressive MS that will need to consider the presence of DMTs in the enrolment criteria. 17 To objectively assess disease evolution that reflects progression, we included patients with a baseline moderate level of disability, which, consistent with previous reports, 18 was attained in a median time of 12 years. The majority of our patients reached the milestone of EDSS 6.0 or more after a follow-up of 6 years, indicating that, as a group, disability evolution is an outcome to be expected in relapsing-onset MS patients 19 and confirming the time to the attainment of severe levels of disability that ranges from 14 to 28 years after onset. 18 Our results also quantify the proportion of patients who are stable or undergo confirmed increase in disability 1 and indicate that disease evolution occurs both in the presence and in the absence of clinical/MRI activity. While confirming the importance of early disease activity in subsequent disability evolution, 20 this finding also indicates that factors different from inflammatory activity play a relevant role in disability evolution. 8 Our finding that disease activity predicts disability worsening extends previous evidence on the predictive value of relapses and MRI lesion volume changes during the first years of the disease for long-term disability 20, 21 and for the development of secondary progression. 2 Although single relapses may have different impacts on disability evolution, depending on the characteristics of each relapse, the observation that persistent MRI activity (i.e. rate of lesion volume growth over time) in relapsing-onset MS identifies patients who will develop, or already have, a secondary progressive course 2 confirms our findings that disease activity leading to moderate levels of disability predicts a relapsing progressive clinical profile. The relationship between early clinical/MRI activity and the later profile of disability development reflects the neuropathology of MS damage. Despite clinical heterogeneity in the course of MS, more inflammatory versus more degenerative evolutions can be identified by specific patterns of MS damage. 22 Also, at a given time point along the course of the disease, these patterns are homogeneous within the same patient, thus making the identification of individual disability profiles possible, as well as relevant for therapeutic implications.
Although in this study patients undergoing disability worsening in the presence of active disease were those with the highest number of relapses in the early phases of MS, the number of relapses preceding EDSS 3.0-4.0 did not differ significantly from that of patients with disease activity and no disability change or from that of patients who worsened in the absence of disease activity, suggesting the importance of other factors to the subsequent disease progression. Indeed, patients who increased their disability levels without disease activity were older and took longer to reach EDSS 3.0-4.0 than patients belonging to other groups, suggesting that age is an independent contributor to increasing disability. It is possible that DMTs may have masked the presence of disease activity in the proportion of patients that increased disability levels without showing disease activity. 23 However, age is a known prognosticator of MS. 24, 25 Age at disability milestones is not substantially affected by the initial course of the disease, which raised the hypothesis of clinical phenotypes as an age-dependent manifestation. 19 Current age is the strongest predictor of Gd enhancement in the brain, with the average number of Gd-enhancing lesions decreasing significantly with increasing patient age independently of disease duration. 26 Age also impacts the reduction of relapse occurrence over time more than the disease duration 27 and a younger age at the beginning of DMT seems to be the most relevant factor associated with a higher treatment effect on disability progression in relapsing-onset patients. 5 Several mechanisms may explain the role of aging in disability evolution. Normal aging affects immunity. 28 When premature, immunosenescence has been suggested as a factor predisposing to MS 28 and explaining the clinical specificity of late-onset disease. 29 Immunosenescence may also affect MS trajectory through changes in inflammatory activity 26 and increased susceptibility to neurodegenerative phenomena (e.g. mitochondrial dysfunction) 30 that could explain a disease profile characterised by increasing disability in the absence of clear inflammatory activity. Normal aging also modifies functional responses 31 and the brain tissue microarchitecture. 32 In MS, the widespread damage-related changes in structural connectivity and functional responses, 33, 34 along with reduced repair capacity, 33 can interact with the aging processes, reducing further the brain reserve and predisposing the brain to other age-related pathological changes. 8 Neuropathological evidence suggests that normal aging can interact with MS inflammation. Indeed, the cortex of patients with progressive MS has a topographical distribution of neuronal retrograde degeneration similar to that present in aged controls. 8 Also, aged controls can show diffuse white matter damage with axonal transection (i.e. leukoaraiosis) 35 in the same periventricular regions as MS patients, suggesting that age-related pathology can contribute to white matter damage in MS and confirming our finding that the interaction of brain aging with early MS activity increases the risk of severe disability.
This work has some limitations that reflect its design as a real-world study. Although our patients underwent at least two neurological assessments per year, factors such as timing and the number of visits could differ between patients. To account for these differences, we conducted a time-to-event analysis that allowed us to right-censor the observation to the last available visit. The available MRI data included only the presence or absence of Gd-enhancing lesions. The information on new or enlarging T2, usually included in clinical trials, was inconsistent in the clinical reports of the patients and, when present, could be of limited reliability, given the possible differences in the scanning protocols between time points. Therefore, given our study design, we decided to use a more robust measure, that is, the presence or absence of activity as detected by Gd-enhancing lesions. Although patients were constantly treated since diagnosis, the use of DMTs before the inclusion in the study and during the study did not follow a specific protocol, as this was a real-life study, in which each patient received treatment according to the availability of specific DMTs and the clinical judgement of his or her disease trajectory. Of course, DMTs before, at the time of and after the attainment of EDSS 3.0-4.0 may have affected the presence of disease activity during the study and indirectly may have had an effect on EDSS increase. As this real-life study was not designed to investigate the impact of DMTs on subsequent disability increase, we could only test the relationship between DMTs at study entry, that is, at the point of EDSS 3.0-4.0, and disability increase. We were unable to demonstrate a predictive role of DMTs on disability increase, possibly due to differences among DMTs in the length of their follow-up, but we did show an association between high-efficacy treatments at the time of EDSS 3.0-4.0 and lower proportion of patients experiencing increasing disability during the study, supporting the hypothesis that inflammation can contribute to disability increase even in later stages of the disease.
Conclusion
The concept of MS as one disease with different clinical phenotypes 19 facilitates the clinical application of the revised classification of the disease courses. 1 However, the development of complex treatment strategies that aim at silencing MS demands an early recognition of disease trajectories in individual cases. This work helps meet this need and implies that (1) in patients with disease activity during the first years of MS, appropriate treatment interventions in the window of opportunity, that is, before reaching a level of moderate disability, can prevent or delay disability evolution; (2) as disease activity is an independent predictor of disability evolution, it should be treated regardless of the starting disability levels; (3) when a clear inflammatory target is missing or 'no evidence of disease activity' is achieved, age remains a crucial contributor to increasing disability. In these cases, more holistic approaches that include correct lifestyles and management of age-dependent comorbidities should be considered; (4) as age is an independent predictor of disability evolution, preserving brain resources through damage limitation and building reserve at an early stage of the disease can limit the subsequent development of disability; (5) quantifying the individual risk of disability attainment and describing the profile of clinical worsening can aid the development of personalised approaches to MS treatment.
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